The static and dynamic performances of a hydraulic Stewart platform (HSP) are mainly determined by the stiffness characteristics of the platform. The stiffness evaluation is fundamental to the design and control of such kind of systems. The nonlinear stiffness of an HSP is influenced by many factors such as the compressibility of the fluid, the flexibility of the fluid supply pipe, and the posture variation of the platform. In this article, the nonlinear stiffness of an HSP is investigated with considering the fluid-structural coupling effects and posture of the platform. Firstly, nonlinear stiffness of a single hydraulic rod is formulated with considering the flexibility of the pipe. The posture-dependent stiffness matrix of an HSP is then derived. Numerical simulations are presented to illustrate the variations of stiffness characteristics as the initial posture of platform changes. The proposed model and algorithm can be used to design HSP for achieving desired static and dynamic performances.
INTRODUCTION
Hydraulic Stewart platform (HSP) has been widely used in many applications such as machine tools [1] , metrology equipment [2] , motion and vibration simulators [3] , vibration isolation platforms [4] , etc. The static and dynamic performances are of great importance to these systems, e.g., deformation under external forces, vibration frequencies, transmissibility, etc. A large number of researches have been focused on the design, simulation, and control of HSP [1] [2] [3] [4] [5] [6] , so as to achieve desired performances. It has been widely recognized that the static and dynamic performances of an HSP are significantly affected by the nonlinear stiffness characteristics of the system.
The stiffness of an HSP is determined by various factors [7] , among which the stiffness of each hydraulic cylinder is the most important one. Conventionally, the stiffness of a hydraulic cylinder is thought to be the result of deformation of pressurized fluid in the cylinder. Therefore the stiffness is determined by the bulk modulus of fluid, the sectional area, and length at both sides of the piston [8] . Actually, flexible pipes are often used in the hydraulic system, and the volume of the pipe between the valve and the cylinder might be relatively large. The deformation of pipe due to pressure fluctuation might be considerable and it results in a decrease in stiffness of the hydraulic cylinder. A novel formulation of the hydraulic stiffness is then proposed by taking into account the structural flexibility via the volume modulus of the circular tube, and the results have been verified by experiments [9] .
In this article, the nonlinear stiffness of an HSP with considering the flexibility of pipe and the posture of the platform is investigated. The nonlinear stiffness of a single hydraulic rod is firstly formulated with considering the flexibility of the pipe. The posture-dependent stiffness matrix of an HSP is then derived. Numerical simulations are presented to illustrate the relationships between the platform posture and the stiffness characteristics. As shown in Figure 1 is the sketch map of an HSP. The platform is suspended on the base via six identical hydraulic rods. Denote O the center of the base, and ( , , ) O X Y Z the global frame which is fixed on the base. Denote C the center of the platform, and 
THE STRUCTURE OF HSP

STATIC STIFFNESS OF HYDRAULIC ROD CONTAINING PIPES
In our previous work, the influence of structural flexibility on the nonlinear stiffness of an individual hydraulic rod has been investigated [9] 
Denote F K the bulk modulus of the fluid, x the position of the piston, the hydraulic stiffness with considering the fluid-structural coupling effect can be represented as
It can be seen that the flexibility of the pipes has a significant influence on the hydraulic stiffness. Specifically, the hydraulic stiffness is affected by parameters of the pipe such as the length, the inner and outer radius, and the Young's modulus.
Considering that the axial stiffness of the cylinder and the links at two sides of the cylinder can be approximated as
, where s E the Young's modulus of steel. The static stiffness of a hydraulic rod within in its working range can be formulated as
POSTURE-DEPENDENT STIFFNESS OF HSP Nonlinear stiffness matrix formulation
As is known to all, both the length and the orientation of each hydraulic rod will change due to posture alteration of the hydraulic platform. Therefore not only the stiffness coefficient but also the orientation of the equivalent spring might change for different postures of the platform. O X Y Z to ( , , ) C x y z , which is also the direction cosine matrix determined by the Bryan angles α , β , γ as follows [10] C 
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The stiffness matrix o i K can be formulated as follows according to Ref. [11] T T 
Posture-dependent stiffness simulation
The relationship between the posture of the platform and the diagonal elements of the stiffness matrix, i.e., x k , y k , z k , k α , k β and k γ , are investigated in this section. HSP as shown in Figure 1 is taken as case study, and the parameters of HSP are listed in Appendix A. Particularly, the initial posture of the platform is set as follows: Only one of the aforementioned coordinates is modified within the working space of the platform for each simulation, and the variations of stiffness are calculated by using the presented method.
The stiffness coefficients of the platform under different x-coordinates of C are shown in Figure 4 . The variation range is set as increases. x k decreases whereas y k increases as C α increases. z k and k γ decrease as C α increases. k β increases from its minimal value as C α increase from 20 −° to 30°. It can be seen that the variations of stiffness under different postures of the platform are very complicated. It must be noticed that the variations of stiffness might change for other initial condition which is different from that given by Appendix A. It indicates that the accurate modeling of HSP is critical to the design for obtaining required performance.
CONCLUSION
Fluid-structural coupling effects and the posture of the system have been considered to formulate the nonlinear stiffness of an HSP. Three-dimensional stiffness matrix of the HSP is proposed. Simulations results are presented to illustrate the variations of stiffness characteristics as the initial posture of platform changes. The proposed model can be used to design HSPs for achieving desired static and dynamic performances.
